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Two amino acids containing SH group (cysteine and hom~ysteine)+trimethyl~ine N-oxide systems were studied by FTIR and ‘H NMR 
spectroscopy. This study demonstrates that cysteine and homocysteine thylesters react with t~methylamine N-oxide. Imm~iately after mixing, 
SH.~.ONtiS-~~.H” ON hydrogen bonds with large proton polarizability are formed. Then a reaction proceeds resulting in the formation of 
corresponding disulphides. Trimethylamine N-oxide is present in biological systems. Thus, our results suggest hat trimethylamine N-oxide may 
play a regulatory role in S-S bond formation in enzymes and other proteins. 
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1. INTRODUCTION 
The structure and behavior of enzymes and other 
proteins is strongly determined by disulphide bonds. 
The importance and formation of such bonds has been 
described by Toohey [l]. On the other hand, it is well 
known that t~methylamine N-oxide (TMAO) is present 
in many biological systems [2]. 
(CH,),NO+ZH,O. The dehydration of this substance was performed 
following the procedure described in [8]. 
All solvents were stored over 3 A molecular sieves. All preparations 
and transfers of the solutions were done in a carefully dried glovebox 
under a nitrogen atmosphere. 
The complexes of the CYS or HCYS with TMAO were prepared 
by mixing respective amounts of the corresponding CYS or HCYS 
and TMAO in chloroform-d, or chloroform. The concentration of the 
solutions prepared for the FTIR meas~ements was 0.2 mol*dm-3 in 
chloroform. 
Recently we studied complexes of thiophenols with 
TMAO with the results that first SH=ON4~-~H+ ON 
bonds with large proton polarizability are formed [3-61. 
These complexes have, however, a short lifetime. A 
dimerization of the thiophenols via disulphide bonds 
occurs connected with a formation of trimethylamine 
and water. On the basis of these results we assumed that 
TMAO may induce the formation of disulphide bonds 
in biology [3]. Recently, a hypothesis was published 
suggesting that such a reaction is important in biology 
for the fo~ation of dis~phide bonds [7]. 
The FTIR spectra were recorded at 293 K with a Bruker IFS 113~ 
spectrophotometer, using a eel1 with Si windows (sample thickness 
0.260 mm, detector DTGS, resolution 2 cm-‘). 
The ‘H NMR spectra were recorded from 0.2 mot dms3 chloroform- 
d, solutions at 293 K on a Varian Gemini VT 300 spectrometer using 
TMS as internal standard. 
3. RESULTS AND DISCUSSION 
The reactions of cysteine and homocysteine eth- 
ylesters were studied by FTIR as well as by ‘H NMR 
sp~troscopy. 
In this paper we studied the formation reaction of 
disulphide bonds by TMAO with cysteine ethylester 
(CYS) and homocysteine ethylester (HCYS), to show 
that TMAO may also induce disulphide bond formation 
in real biological systems. 
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2. EXPERIMENTAL 
The cysteine and hom~ysteine ethylesters were purchased from 
Aldrich and were put&d by sublimation under nitrogen atmosphere. 
TMAO is commercially available only as the dihydrate 
*Corresponding author. 
CYS HCYS 
Fig. 1 shows the IR spectrum of a 1: 1 mixture of CYS 
with TMAO. The spectrum (solid line) demonstrates 
that immediately after mixing CYS with TMAO an in- 
frared continuum is observed beginning at about 2,700 
-i and extending towards smaller wave numbers 
i%ch is parti~ul~ly intense in the region 1,300-g& 
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Fig. 1. FTIR spectra of (-.-.-) cysteine ethylester and its 1:l mixture with TMAO: (-) immediately after mixing, (---) after 0.5 h and (.....) 
after 1 h. 
cm-‘. This infrared continuum indicates the formation 
of SH=**ON+S-~~~H’ ON hydrogen bonds with large 
proton pola~zability p-61. Furthermore, at 2,580 cm-’ 
the v(SH) vibration is still observed, showing that the 
formation of the CYS-TMAO complex is not complete. 
The comparison of the dashed and dotted spectra 
with the spectrum drawn with a solid line demonstrates 
that with increasing time after mixing this hydrogen- 
bonded complex is increasingly destroyed, as shown by 
the following observations: (i) the continuum vanished; 
(ii) a band of v(OH) vibration of free water arises at 
about 3600 cm-’ and the v(OH) vibration of bonded 
water is seen in the region 3,40@-3,250 cm-‘. (iii) the 
so-called Bohlmann bands arise at 2,825 and 2,775 cm-’ 
(Fig. 2) [9,10]. They show that during the reaction free 
t~methylamine (TMA) is formed. 
Analogous spectra are obtained with the homocys- 
teine ethylester+TMAO system. These results, together 
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Fig. 2. FTIR spectra in the region of the Bohlmann bands of (-.-,-), 
cysteine ethylester and its 1:l mixture with TMAO: (-) immediately 
after mixing, (---) after 0.5 h, and (.....) after 1 h. 
with the NMR data discussed below, show that the 
CYS-TMAO complex is destroyed and disulphide is 
formed by the following reaction: 
2-A-S-H...ON(CH,),+A-S-S-A+ON(CH,),+ 
N(CH,),+H,O 
where A-S-H=CYS or HCYS 
The ‘H NMR chemical shifts are given in Table I. 
With a solution of pure CYS only one signal for the 
SH and NH, protons is observed at 2.46 ppm, indicat- 
ing that these protons exchange rapidly. 
In the 1: 1 mixture of CYS with TMAO, immediately 
after mixing two signals of the SH and NH, protons are 
observed. The signal of the NH, protons remains at 2.26 
ppm, whereas the signal of the SH group shifts to 10.51 
ppm. This result demonstrates that the SH proton is 
strongly bonded in the SH*.*.ONkS-**HH’ ON hydro- 
gen bonds. Furthermore, one singlet for the CH, pro- 
tons of TMAO is observed at 3.37 ppm. 
After 0.5 h the signal of the SH proton is shifted 
towards higher fields, and after 24 h it has vanished 
completely, demonstrating that these SH..*ON%S-..*H’ 
ON hydrogen bonds are destroyed. Furthermore, two 
singlets of CH3 from TMAO and TMA are found at 
3.38 ppm and 2.22 ppm, respectively. The integrated 
intensity of these signals is l:l, demonstrating that the 
stoichiometry of TMAO and TMA is now 1: 1. 
In the 2: 1 mixture of CY STMAO, after the reaction 
only one signal for the CH, protons of TMA is found 
at 2.20 ppm. This result shows clearly that two CYS 
molecules react with one TMAO molecule. 
Table I also includes the ‘H chemical shifts of the 
corresponding dis~phides. The chemical shifts of the 
CH and CH,S protons of the disulphide are the same 
as with the reaction product, indicating that disulphide 
bonds are formed in the reactions of CYS or HCYS 
with TMAO. This result was also confirmed by the 
isolation of this reaction product and by elementary 
analysis. 
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Table I 
‘H chemical shifts @pm) of cysteine, homocysteine and their complexes with TMAO, and corresponding disulphides 
-COOCH,CH, 
Compound Stoichiom- Time 
etry (h) 
S-H NH, CH CH,-S C-CH,-C CH, CH, (CH,),NG (CH,),N 
CYS _ 
CYS+TMAO 1:l 
1:l 
1:l 
2:1 
Disulphide _ 
HCYS _ 
HCYS+TMAO 1:l 
1:l 
1:1 
2:1 
Disulphide _ 
_ 
0.2 
0.5 
24 
24 
_ 
_ 
0.2 
0.5 
24 
24 
_ 
2.46 2.46 3.74t 2.91t _ 1.30t 4.244 
10.51 2.26; 3.68t 2.9ld, 2.96d _ 1.30t 4.24s 
7.20 1.94; 3.69-2.75m 2.90-3.15m _ 1.30t 4.24q 
_ 2Li2* 3.79q, 3.74t 2.9ld7, 3.15q _ 1.30t 4.244 
2.95* 3.8Oq 2.9lq, 3.15q _ 1.30t 4.24s 
1.75 3.8Oq 2.9lq, 3.15q _ 1.30t 4.24s 
2.38 2.38 3.72t 2.90t 1.72se 1.30t 4.244 
10.60 2.20* 3.70t 2.90t, 2.95t 1.7lse 1.30t 4.244 
6.80 1.97* 3.70-3.80m 2.90-3.17m 1.79se 1.30t 4.244 
_ 2.60* 3.77q, 3.72t 2.95m, 3.17q 1.7lse 1.30t 4.24s 
_ 2.91* 3.77q 2.95q, 3.15q 1.7lse 1.30t 4.24s 
_ 1.74 3.78q 2.95q, 3.14q 1.7lse 1.30t 4.244 
s, singlet; d, doublet; t, triplet; q, quartet; se, sextet; m, multiplet. 
*Very broad 
“The stochiometry of protons 1:l. 
All these results, taken together, demonstrate that 
disulphide bonds are formed due to TMAO according 
to the following reaction scheme: 
2 A-S-H+ON(CH,),+A-S-S-A+N(CH,),+H,O 
The same reaction proceeds with the homocysteine 
ethylester-TMAO system as demonstrated by FTIR 
and ‘H NMR spectra. 
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